Background: As body fat composition and metabolism differ between men and women, we evaluated sex-related differences in the association among epicardial adipose tissue (EAT), secretome profile, and myocardial function of subjects with suspected metabolic syndrome.
Introduction
Middle-aged men are known to be at higher risk than women for cardiovascular diseases (CVD) [1, 2] . Previous studies report that higher metabolic risk factors in men and the protective effect of estrogen in premenopausal women may contribute to the sex-related differences in the middle-aged population [1, 3, 4] . However, the underlying mechanisms of the observed sex-related differences are still unclear.
Generally, women have more body fat than men with a similar body mass index (BMI) [5] . Body fat composition and metabolism differ between men and women [6] [7] [8] . Men tend to have more visceral adipose tissue (VAT), whereas women tend to have more subcutaneous adipose tissue [9] . Sex hormones, including estrogen and testosterone, appear to play a significant role in these differences [7] .
Epicardial adipose tissue (EAT) is an easily measurable VAT by echocardiography [10] . EAT is metabolically bioactive and the source of adipocytokines, proatherogenic mediators, and pro-inflammatory cytokines [11] [12] [13] [14] [15] . EAT may have important roles in the pathophysiologies of metabolic syndrome and cardiometabolic diseases [16] [17] [18] [19] . The association of EAT accumulation with subclinical changes in myocardial structure and function has been reported [20] [21] [22] . Although several studies reported that EAT increases in women after menopause and the relationship between EAT thickness and myocardial function are significant only in women after 60 years old [21, 23] , the sex-related difference in EAT thickness and its association with myocardial function have not been investigated in the middle-aged population.
Therefore, we investigated the association of EAT thickness with adipocytokine levels, inflammatory marker level, and myocardial function, and the sex-related difference in its association in a middle-aged population.
Methods

Study population
The Seoul Metabolic Syndrome study is a prospective ongoing cohort study that aims to evaluate the clinical characteristics and outcomes of Koreans with suspected metabolic syndrome. Detailed protocols were reported in previously published papers [24, 25] . Participants from 30 to 64 years of age were enrolled from 25 public healthcare centers between January 2014 and September 2014. Participants with a previous history of stroke, angina pectoris, myocardial infarction, or any revascularization were excluded from the enrollment. Demographic data, medical history of traditional cardiovascular risk factors, and medications were assessed through a standardized questionnaire. Basic physical examinations were performed by physicians. Among 1130 participants in the cohort, 277 who underwent both conventional echocardiography and two-dimensional (2-D) speckle tracking were enrolled in this study. This study protocol was approved by the institutional review board of the Korea University Anam Hospital, and written informed consent was obtained from each participant (IRB NO. ED13087).
Anthropometric and laboratory parameters
Body weight, height, waist and hip circumferences, and systolic (SBP) and diastolic blood pressures (DBP) were measured on the day of medical examination. All the subjects fasted for at least 8 h before blood sampling at the first visit. Fasting blood glucose (FBG) level was measured using an ultraviolet assay (Roche, Germany). Levels of total cholesterol (TC), triglycerides, low-density lipoprotein (LDL)-cholesterol, and high-density lipoprotein (HDL)-cholesterol were determined using the homogeneous enzymatic colorimetric assay (Roche, Germany). Apolipoprotein A1, apolipoprotein B, and high-sensitivity C-reactive protein (hs-CRP) levels were measured using immunoturbidimetry assay (Roche, Germany). Adiponectin was measured by using multiplex immunoassays (Millipore, USA). All laboratory analyses were performed by Green Cross Laboratories (Gyunggi, Korea). Each assay was controlled within 5% value of coefficient of variation every day.
Conventional echocardiography
Two-dimensional/Doppler echocardiography was performed in each subject by using a commercially available echocardiographic system (Vivid-E9, VingmedGeneral Electric, Horten, Norway) with a M5Sc transducer. Chamber quantification was performed from 2-D echocardiography images. Left atrial (LA) volume index (LAVI) and left ventricular (LV) mass index (LVMI) were calculated using the formula recommended by the American Society of Echocardiography [26] . Mitral inflow velocity was obtained in the apical four-chamber view by pulsed-wave Doppler echocardiography during early (E) and late filling (A). The early diastolic mitral annular velocity (e′) of the septal mitral and lateral mitral annuli were evaluated using tissue Doppler imaging. LV global longitudinal strain (GLS) was obtained from 18 apical segments and analyzed using the ECHOPAC PC software (version 201.67.0).
EAT thickness measurement
EAT was defined as the relatively echo-free space between the outer wall of the myocardium and the visceral layer of the pericardium [10] . The parasternal longaxis view was performed to measure the maximal EAT thickness from the right ventricular free wall perpendicular to the aortic annulus at end systole. The values were measured in three cardiac cycles and were averaged. For the reliability of the EAT thickness measurement, the interclass correlation coefficients for the intraobserver and interobserver variability were 0.992 (95% confidence interval [CI] 0.983-0.996; p < 0.001) and 0.902 (95% CI 0.795-0.953, p < 0.001), respectively.
Statistical analyses
All results were presented as mean ± SD for continuous variables or as frequencies (percentages) for categorical variables. The differences in the frequency of cardiovascular risk factors between the men and women were compared using the Chi square test, and the differences in the EAT thickness and echocardiographic parameters were compared using the Student t test. The correlations among EAT thickness, cardiovascular risk factors, and laboratory and echocardiographic parameters were evaluated using the correlation analysis. The mean hs-CRP level was compared according to the median value of myocardial dysfunction by Student t test. Multiple linear regression analysis was performed to access the association between EAT thickness and myocardial function after adjustment for age, BMI, systolic blood pressure, fasting glucose level, triglyceride level, high-density lipoprotein level and LVMI. SPSS version 22.0 for Windows (IBM, NY, USA) was used to perform the statistical analysis. A two-sided p value of < 0.05 was considered statistically significant.
Results
Baseline characteristics
In this study, 277 participants (140 men and 137 women, 56.1 ± 4.71 years) were enrolled. The baseline characteristics of the men and women are shown in Table 1 . Mean age and BMI did not differ between the men and women; however, waist circumference, SBP, and DBP were greater in the men than in the women. No significant differences in the prevalence of hypertension, diabetes mellitus, and dyslipidemia were found between the sexes.
Metabolic laboratory parameters represented by FBG, LDL, TG, HDL, apolipoprotein AI, and adiponectin levels were more impaired in the men than in the women. However, hs-CRP level as a systemic inflammatory marker and apolipoprotein B level were not different between the men and women.
LVMI was higher in the men, but LAVI was higher in the women. Ejection fraction and septal e′ velocity did not differ between the sexes. GLS was more impaired in the men. The mean EAT thickness was 7.07 ± 1.76 mm, without significant difference between the men and women.
EAT and its characteristics in all the participants
EAT thickness significantly correlated with obesity represented by BMI (r = 0.286, p < 0.001) and waist circumference (r = 0.321, p < 0.001). Among the lipid profiles, including apolipoprotein and adiponectin levels, only 
TG level was weakly associated with EAT thickness (r = 0.121, p = 0.044). An inflammatory marker assessed using hs-CRP level was significantly associated with EAT thickness (r = 0.176, p = 0.003). LVMI (r = 0.128, p = 0.034), GLS (r = − 0.235, p < 0.001), and LV diastolic function represented by septal e′ velocity (r = − 0.205, p = 0.001) and E/e′ ratio (r = 0.137, p = 0.023) also significantly correlated with EAT thickness.
Systemic inflammation according to sex and myocardial dysfunction
To investigate the association between systemic inflammation and myocardial function, the mean hs-CRP level was compared between the men and women according to the medial value of e′ velocity and GLS.
Only the men demonstrated a higher mean hs-CRP level in the low septal e′ velocity group (Fig. 1a) . The men with low GLS had lower hs-CRP levels than the men with high GLS, but the difference was not statistically significant (Fig. 1b) .
Sex-related difference in EAT in association with secretome profile and myocardial function
LVMI, septal e′ velocity, and hs-CRP, which were related to EAT thickness in all subjects, were significantly correlated with EAT thickness exclusively in men. GLS was associated with EAT thickness in both the men and women (Fig. 2) . The association between EAT thickness and myocardial dysfunction was evaluated using multiple linear regression analysis. EAT thickness was independently associated with septal e′ velocity, and GLS after adjustment for multiple cardiovascular risk factors and LVMI (Table 2) .
Discussion
This is the first study to manifest sex-related differences in the association among EAT thickness, hs-CRP level, and myocardial function in middle-aged subjects with suspected metabolic syndrome. In the present study, we demonstrate that (1) in an asymptomatic middle aged population, components of metabolic syndrome were more impaired in men than in women; (2) EAT thickness showed no difference between men and women; (3) men had a higher LVMI and more-impaired GLS than women; (4) hs-CRP level was associated with myocardial impairment by GLS and e′ velocity; and (5) only men showed the significant association of EAT thickness with hs-CRP level, LVMI, and myocardial dysfunction.
EAT and myocardial function
Although considerable studies have been conducted on the association between EAT and myocardial dysfunction, it has not been clearly elucidated [20, 22, 27] .
In the present study, EAT correlated with LVMI, e′, and GLS. Our findings collaborate to involve EAT with the pathogenic mechanism of myocardial remodeling and subclinical myocardial dysfunction in middle-aged subjects without cardiovascular disease [22, 28] . As EAT thickness is thought to reflect the amount of VAT, the effect of EAT on atherosclerotic cardiovascular disease is considered a consequence of enhanced insulin resistance and abnormal lipid metabolism. However, various pathogenic mechanisms have been suggested about the influence of EAT on myocardial function. First, because accumulated EAT envelopes the right ventricular free wall, the paracrine effects of EAT-derived adipocytokines and inflammatory mediators could directly influence the Fig. 1 Comparison of high-sensitivity C-reactive protein levels according to median e′ velocity (a), and GLS (b). * means p-value is less than 0.05 compared with the high-sensitivity C-reactive protein level of the subjects without myocardial dysfunction in each group myocardium. Second, these cytokines could develop coronary atherosclerosis and then damage the myocardium through myocardial ischemia. In a study with multidetector computed tomography coronary angiography, EAT thickness surrounding the left anterior descending artery predicted the presence, extent and severity of coronary artery disease after adjustment for confounding factors [29] . Furthermore, in patients with acute coronary syndrome, perivascular fat stranding was related to the culprit lesion, a lower Agatston score, presence of regional wall motion abnormalities, and initial elevation of serum troponin levels [30] . Our cohort study is an ongoing prospective study, and follow-up data of coronary events, including myocardial infarction and any coronary revascularization, will be investigated. The direct mechanical effect of thick EAT could limit and compress myocardial motion [20, 31] . Our previous study that indicated that lateral e′ and s′ (systolic mitral annular velocity) have a stronger relationship than septal e′ and s′ velocity supports this hypothesis [21] . Left atrial (LA) dysfunction has also been suggested as a possible mechanism to link EAT and LV diastolic dysfunction. Evin et al. reported that magnetic resonance imaging derived LA strain correlates well with BMI and EAT volume in Fig. 2 The association of epicardial adipose tissue thickness with myocardial function (a-d) and high-sensitivity C-reactive protein level (e, f) in men and women patients with type 2 diabetes and obesity, suggesting that LA strain could be a sensitive tool for detection of early LV diastolic dysfunction [32] .
EAT and secretome profile
EAT is considered as an endocrine organ of bioactive molecules, including various inflammatory mediators. The association between EAT and several adipocytokines has been suggested. Secreted frizzled-related protein 4, a novel adipokine which is related to insulin resistance was increased in human EAT samples in patients with coronary artery disease [33] . EAT derived omentin-1, another novel adipokine which inhibits inflammation and improves insulin resistance was reduced in patients with coronary artery disease [34] . In patients with coronary artery disease, human samples of EAT obtained during elective cardiac surgery demonstrated enhanced inflammatory cell infiltration and inflammatory cytokine activity [14] . This locally enhanced inflammation may affect the pathophysiology of coronary atherosclerosis. Adipose tissue is a source of hs-CRP production that has a reciprocal association with adiponectin and anti-inflammatory protein levels [35] . Previous studies reported that EAT is significantly associated with hs-CRP level as a marker of low-grade systemic inflammation [13, 36] . However, to our knowledge, only few studies investigated the association among EAT, hs-CRP level, and myocardial function. One small-sample study with hypertensive patients reported that increased EAT and hs-CRP level are related with LV diastolic dysfunction [37] . In our study, increased EAT thickness and hs-CRP level were closely associated with subclinical myocardial dysfunction, including e′ and GLS as LV diastolic and systolic functions, respectively.
EAT and metabolic profile
Among other visceral adipose tissues, EAT has the greatest capacity for free fatty acid (FFA) release and uptake. In normal physiology, this FFA provides energy for the myocardium. This mechanism of EAT buffers the myocardium from exposure of high FFA concentration [19] . However, in pathological conditions, the intense metabolic activity of EAT could contribute to myocardial damage. In previous studies, EAT was related to myocardial TG content, LV concentric remodeling, and myocardial dysfunction [38, 39] . This suggests that myocardial infiltration of TG could induce direct myocardial damage. The present study demonstrates that EAT correlates with TG level and men have higher TG levels and TG/ HDL ratios than women. Our finding implicates that the high metabolic activity of TG in middle-aged men may induce myocardial TG accumulation and myocardial remodeling and dysfunction.
Sex-related differences
Our study with a middle-aged general population demonstrates that only men had a significant association between EAT thickness and myocardial dysfunction, although EAT thickness was not different each other. Currently, the sex difference in the association between EAT and myocardial dysfunction has not been clearly investigated, but a possible cause could be sexual dimorphism of EAT during aging. In female aged rats, the level of EAT genes for interleukin-6 (IL-6), plasminogen activator inhibitor-1 (PAI-1), adiponectin and peroxisome proliferators activated receptor γ were lower than in young rats. By comparison, aged male rats showed an increased expression of genes for inflammatory cytokine, IL-6, in EAT [40] . Changes in obesity related genes in EAT were observed only in female rats, but not in males during aging [41] . This indicates that a dysfunctional EAT associated with aging demonstrates different metabolic and inflammatory activities between the two sexes. The sex difference of EAT function might be responsible for the sex difference of EAT-related inflammation and myocardial dysfunction.
Estrogen has a protective role in obesity induced chronic inflammation. Estrogen has immunosuppressive activity, as demonstrated by the effect of 17-β estradiol suppressing proinflammatory T helper 17 cells and M1 macrophage cell differentiation. Moreover, estrogen receptors are expressed on the surface of immune cells and modulate immune activity [42, 43] . Estrogen is also a determining factor for metabolism and function of adipose tissue. In mice models, estrogen prevented impaired glucose tolerance and obesity by regulating adipogenesis, lipolysis, and lipogenesis [44] . Ovariectomy of female rats decreased the vasodilatory effects of perivascular adipose tissue compared to sham rats [45] . Menopause has been reported to occur at about 50 years of age. Thus, majority of the women in this study may have post-menopausal hypoestrogenism. However, the prevalence of CVD rapidly increases after 5-10 years after menopause [46] . Although the age of menopause is not exactly consistent with the mean age of the study population, the protective effect of estrogen over the preceding 50 years could be considered as a factor that explains the sex difference in myocardial function in middle aged population.
Recent studies have reported that EAT has the characteristic of brown adipose tissue. Sacks et al. demonstrated that EAT has high expression of mitochondrial uncoupling protein-1 which is the main marker of brown adipose tissue [47] . Estrogen could increase this gene expression [48] and influence mitocondriogenesis via estrogen receptor-α of the mitochondria of brown adipose tissue [49] . Therefore the brown adipose tissue characteristic of EAT, which was associated with a more favorable risk of cardiovascular disease might be relatively small in men than women [50, 51] .
Recently, in a study involving 56 healthy women, increased EAT thickness was significantly associated with increased thrombotic risk, assessed by PAI-1 [52] . To explain the sex difference, the association between EAT and thrombotic activity in men and women should be investigated and discussed in future studies.
Clinical implications
Our study enrolled an asymptomatic middle-aged population without cardiovascular diseases but with suspected metabolic syndrome. Therefore, our finding suggests that EAT thickness could be a marker of the early processes of cardiac remodeling and dysfunction in these subjects. Furthermore, the present study demonstrates that EAT and hs-CRP level as a proinflammatory marker is closely associated with subclinical myocardial function in middle-aged men. Combined with the increasing evidence of the association between inflammation and cardiovascular disease [53] , our findings might be a basis for applying medications with anti-inflammatory effects in this middle-aged population.
Study limitations
This study has several limitations. We included in the analysis subjects who agreed to undergo additional speckle tracking study, which can detect subtle changes of myocardial function even in asymptomatic people. However, demographic data, including age, sex, BMI, waist circumference, and blood pressure, did not significantly differ between our 277 subjects and the overall cohort. Second, the cross-sectional analysis of this study could not prove a clear causality with EAT. Our ongoing follow-up study may provide the answer. Third, although mean age and BMI were not significantly different, men had more-impaired metabolic parameters, including blood pressure, and FBG, TG, and adiponectin levels. However, these findings are consistent with those of previous large cohort studies [44, 45] . The sexrelated difference in the metabolic component in our study could be representative of that in the real-world population. Moreover, after the multiple linear regression analysis that adjusted for traditional cardiovascular risk factors, EAT remained a significant independent factor of myocardial remodeling and subclinical dysfunction. However, the effects of residual confounding factors cannot be excluded. Lastly, EAT is a well-known source of adipocytokines and inflammatory mediators, but this study only demonstrates the association between EAT and hs-CRP level as a low-grade inflammation marker.
Conclusion
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